Aims/hypothesis Linagliptin has protective effects on the retinal neurovascular unit but, in proliferative retinopathy, dipeptidyl peptidase 4 (DPP-4) inhibition could be detrimental. The aim of this study was to assess the effect of linagliptin on ischaemiainduced neovascularisation of the retina. Methods C57BL/6J and glucagon-like peptide 1 (GLP-1) receptor (Glp1r) −/− mice were subjected to a model of oxygen-induced retinopathy (OIR). Both strains were subcutaneously treated with linagliptin from postnatal days 12 to 16. Non-injected OIR and non-exposed mice served as controls. Capillary proliferations and systemic levels of active GLP-1 were quantified.
Introduction
Diabetic retinopathy is a major burden for health systems in industrialised countries, and has substantial personal and financial implications [1, 2] . The early phases of diabetic retinopathy are defined by vasoregressive processes aggravated by retinal inflammation and gliosis, which result in progressive retinal ischaemia [2] . The hypoxic retinal areas express a variety of cytokines and growth factors to maintain neuroretinal function and promote the revascularisation of ischaemic areas [3] . The most important signalling pathway during the proliferative diabetic retinopathy stages is the hypoxia-inducible factor 1α (HIF1A)-vascular endothelial growth factor (VEGF) pathway [2, 3] . Stabilisation of HIF1A by low intracellular oxygen levels leads to the nuclear translocation of HIF1A, resulting in the upregulation of proangiogenic factors such as VEGF [4] . As the hypoxic areas are unevenly distributed throughout the retina, however, no stable gradient of VEGF can be maintained, resulting in an undirected angiogenic response [2, 5] . These neovascularisations are immature and unstable, which results in a high probability of intravitreal bleeding of the neovascularisations, ultimately leading to blindness [6] .
Inhibitors of dipeptidyl peptidase 4 (DPP-4) are approved for the treatment of type 2 diabetes and have shown a variety of beneficial effects beyond reducing hyperglycaemia [7, 8] . DPP-4 inhibitors have been demonstrated to reduce vascular complications of diabetes, such as atherosclerosis and myocardial infarction, by mitigating endothelial inflammation [9] . In experimental models of early-stage diabetic retinopathy, DPP-4 inhibition has shown conflicting results. Whereas linagliptin has been shown to mediate vasoprotective and anti-inflammatory effects in animals with streptozotocininduced diabetes [10] , DPP-4 inhibition with sitagliptin and diprotin A has demonstrated detrimental effects on the retinal vasculature, with increased permeability via Src and vascular endothelial-cadherin phosphorylation [11] . These contradictory results provide the possibility that the effects of DPP-4 inhibitors are not only mediated by the increase in active glucagon-like peptide (GLP)-1 levels and their interaction with the GLP-1 receptor (GLP-1R), but that the effects on the retinal vasculature are influenced, at least in part, by substance-specific interactions.
DPP-4 does not only cleave the incretin hormone GLP-1, but also several proangiogenic factors such as high-mobility group box 1 (HMGB-1) and stromal cell-derived factor 1 α (SDF-1α) [8, 12] . In proliferative retinopathies, SDF-1α and VEGF act synergistically on neovascularisation through a partial overlap of downstream signalling pathways [13] [14] [15] . Both SDF-1α/CXCR4 and VEGF/VEGF receptor (VEGFR) activity are necessary to develop proliferative retinopathy, and an increase in SDF-1α/CXCR4 activity alone is sufficient to induce retinal neovascularisation [16] . The increase in vascular permeability upon diprotin A and sitagliptin treatment is at least partially mediated by SDF-1α [11] . In contrast, upon linagliptin treatment, neither an increase in SDF-1α levels nor a proangiogenic response was observed in streptozotocininduced diabetic rats [10] . In the oxygen-induced retinopathy (OIR) model, a model of retinal neovascularisation with similar underlying mechanisms as proliferative diabetic retinopathy, treatment with diprotin A has not only been reported to induce aggravated permeability, but also to cause a strong proangiogenic response resulting in complete revascularisation of the avascular zone at postnatal day 17 [11] . The differences in SDF-1α levels upon treatment with various DPP-4 inhibitors are probably due to differences in inhibitory activity towards the DPP-4 structural homologues DPP-2, DPP-8 and DPP-9 [17] . These homologues show enzymatic activity and participate to varying degrees in the cleavage of SDF-1α and HMGB-1 [18] . Compared with diprotin A and sitagliptin, linagliptin shows a significantly higher specificity towards DPP-4 over DPP-8/9, which might explain the differences in angiogenic response between the substances, but the effects of linagliptin on proliferative retinopathy have not previously been tested [19] .
The aim of this study was to investigate the effects of linagliptin on angiogenesis in the retina. In addition, to assess the role of GLP-1R, we compared the influence of linagliptin on retinal neovascularisation in both C57BL/6J and Glp1r −/− mice.
Methods
Animals The care and experimental use of all animals in the study were in accordance with EC directive 2010/63/EU and in compliance with the Association for Research in Vision and Ophthalmology statement. All animal experiments were approved by the local ethics committee (Regierungspräsidium Karlsruhe, Karlsruhe, Germany). Mice were kept in a specified pathogen-free environment in 12 h light-dark cycles with free access to food and water. Male C57BL/6J mice, purchased from Charles River (Wilmington, MA, USA) and homozygous Glp1r −/− mice (Glp1r tm1Ddr ), kindly provided by Boehringer Ingelheim, were used for the OIR model (Boehringer Ingelheim, Biberach an der Riß, Germany) [20] . Each mouse strain was divided into three groups: mice without OIR as controls; mice with OIR; and mice with OIR treated with subcutaneous linagliptin (Boehringer Ingelheim) from postnatal day 12 to 16 at a concentration of 10 mg/kg body weight (OIR + Lina). Animals of each litter were randomly numbered and numbers equally assigned from top to bottom to OIR and OIR + Lina. Every third litter was selected as control group without subjection to the OIR model. At postnatal days 12 and 17, both eyes of mice in randomly selected litters were isolated during isoflurane anaesthesia and the mice killed by cervical dislocation. The eyes were fixed in 4% (vol./vol.) formalin for analysis of neovascularisation or stored at −80°C for gene expression analysis. Plasma was obtained for the determination of active GLP-1 as an indicator of DPP-4 inhibition by linagliptin.
OIR model Glp1r
−/− and C57BL/6J mice were investigated for quantification of preretinal neovascularisation using the established OIR model for mice in periodic acid Schiffstained paraffin sections [21] . In brief, newborn mouse litters were exposed from postnatal day 7 until postnatal day 12 in an incubation chamber with 75% (vol./vol.) oxygen and then returned to room air until postnatal day 17. Linagliptin was administrated from postnatal day 12 to postnatal day 16. OIR litters consisted of OIR control mice and linagliptin-treated animals, randomly assigned to the treatment group. Litters kept in room air for the entire time until postnatal day 17 served as controls.
Determination of the avascular zone To evaluate vasoregression, eyes from C57BL/6 and Glp1r −/− mice at OIR postnatal day 12 were submitted to immunofluorescence staining with collagen IV (1:100; Acris, Herford, Germany) to visualise the vessel net in the superficial layer and to lectin-FITC (1:50; Sigma-Aldrich, Munich, Germany) to visualise capillaries in the superficial and deep layers. After overnight incubation, the following secondary antibody for collagen IV was used: swine anti-rabbit tetramethylrhodamine (1:50; Dako Cytomation, Hamburg, Germany). The avascular zone was measured using Cell-F imaging software (Olympus Opticals, Hamburg, Germany) at ×2 magnification. Experimenters were blinded for the quantification of neovascularisations and avascular zones.
Determination of active GLP-1 Active GLP-1 concentrations (GLP-1 amide and GLP-1 ) were determined in the plasma of the animals at the end of the study using commercially available ELISAs (K150JVC-1 and K150JWC-1, Meso Scale Discovery, Gaithersburg, MD, USA).
Receptor tyrosine kinase signalling reporter assay Human umbilical vein endothelial cells (HUVECs; Thermo Fisher Scientific, Weiterstadt, Germany; authenticated and confirmed mycoplasma-negative by the supplier) were cultured to 90% confluence. The RTK Signaling 10-Pathway Reporter Array (Qiagen, Hilden, Germany) was used to measure the activity of the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK), MAPK/c-Jun Nterminal kinase (JNK), phosphoinositide 3-kinase (PI3K)/ Akt and NFκB pathways according to the manufacturer's instructions. In brief, cells were reversely transfected with the corresponding DNA constructs using the Attractene transfection reagent (Qiagen) for 24 h in OPTI-MEM (Thermo Fisher Scientific). After transfection, cells were stimulated with 10 ng/ml VEGF (Sigma-Aldrich, Munich, Germany) with or without 50 nmol/l linagliptin (Boehringer Ingelheim) for 24 h. Firefly and Renilla luciferase signals were detected using a common microplate reader (Spark, Tecan Trading, Männedorf, Switzerland) using a dual-luciferase assay (Promega, Mannheim, Germany) according to the manufacturer's protocol.
Western blot for p-ERK1/2, ERK1/2 and p-VEGFR2 The isolated retina was homogenised in 0.1% (wt/vol.) SDS lysis buffer and the protein concentration was determined using the Bradford assay (Bio-Rad, Munich, Germany). Samples were separated in a 4-20% (wt/vol.) gradient TGX Gel (Bio-Rad) and immunoblotted to a polyvinylidene difluoride membrane (Bio-Rad). Unspecific binding was blocked by incubation with 5% (wt/vol.) non-fat dry milk in Tris-buffered saline containing 0.1% (vol./vol.) Tween (Sigma-Aldrich, Darmstadt, Germany), followed by overnight incubation at 4°C with the antibodies mouse anti-mouse p-ERK1/p-ERK2 (1:10,000; Abcam, Cambridge, UK), rabbit anti-mouse ERK1/ERK2 (1:1500; Abcam), rabbit anti-mouse pTyr1175VEGFR2 (1:1300; Cell Signaling, Frankfurt, Germany) or rabbit anti-mouse β-tubulin (1:500; Abcam). For detection, horseradish-peroxidase conjugated antibodies against mouse for p-ERK1/p-ERK2 (1:1000; Dako Cytomation) and against rabbit for ERK1/ERK2 (1:2000, Cell Signaling), p-VEGFR (1:2000; Cell Signaling) and tubulin (1:3000; Dako Cytomation) were used. Antibodies were validated by the manufacturer and in previous studies. Immunoreactive bands were visualised by incubation in chemiluminescence reagent (PerkinElmer, Boston, MA, USA) and signals were detected using the Fusion SL (VWR, Darmstadt, Germany). Integrated densities were measured using ImageJ software v 1.50i [22] .
Gene expression analysis Retinal RNA was isolated and homogenised in TRIzol reagent (Invitrogen, Karlsruhe, Germany). RNA was reverse transcribed using the QuantiTect Reverse Transcription kit (Qiagen) and subjected to quantitative (q)PCR analysis using hydrolysis probes (TaqMan probes, Applied Biosystems, Weiterstadt, Germany). Gene expression was analysed by the comparative ΔΔC q method using Actb and Gapdh as reference genes. All primers and probes were purchased from Applied Biosystems (see electronic supplementary material [ESM] Table 1 for details).
Measurement of total SDF-1α
Systemic total SDF-1α was measured in EDTA plasma using a standard Luminex assay (Natural and Medical Sciences Institute, University of Tübingen, Tübingen, Germany). The protocol uses overnight incubation on Millipore filter plates (Merck Millipore, Darmstadt, Germany) and beads to measure total SDF-1α. Statistical analysis Quantification of neovascular nuclei, avascular zones and active GLP1 has been performed once with the number of animals stated in the figure legends. The receptor tyrosine kinase signalling reporter assay has been performed as four-time quantified duplicates, with the mean of two simultaneously measured duplicates for each group being n = 1 of 4. Western blots have been performed twice with the experiment showing the maximum spread of grey values being quantified. Gene expression analysis has been performed in duplicate. Data are presented as means ± SD. Differences between groups were analysed using ANOVA with the Bonferroni post hoc method for multiple comparisons. Statistical outliers were identified using the ROUT method with Q = 1%. Statistical analyses were performed using GraphPad Prism v6.01 (GraphPad Software, San Diego, CA, USA). For all comparisons, p < 0.05 was considered statistically significant.
Results
Elevated levels of systemic active GLP-1 upon linagliptin treatment First, the efficacy of systemic treatment with linagliptin was analysed. For that, the systemic levels of active GLP-1, as a proposed acting mechanism of DPP-4 inhibition, were measured in the plasma of C57BL/6J and Glp1r −/− mice.
In OIR mice, the levels of active GLP-1 were slightly increased in both strains, but not to statistical significance (control vs OIR: C57BL/6J: 0.44 ± 0.22 vs 1.56 ± 0.56 pg/ml, p = 0.880; Glp1r −/− : 0.51 ± 0.27 vs 7.30 ± 7.54 pg/ml, p = 0.414; Fig. 1 ). However, treatment with linagliptin resulted in a significant elevation of active GLP-1 in the plasma of both C57BL/6J and Glp1r −/− mice (C57BL/6J: 17.54 ± 6.17 pg/ ml, p < 0.001 vs OIR; Glp1r −/− : 25.50 ± 11.51 pg/ml, p < 0.001 vs OIR; Fig. 1 ). The elevation appeared to be more pronounced in C57BL/6J compared with Glp1r −/− mice due to higher levels of active GLP-1 in the OIR model. This effect was, however, statistically non-significant (C57BL/6J OIR vs Glp1r −/− OIR, p = 0.621; Fig. 1 ).
Linagliptin treatment mitigated neovascularisation Next, we examined the effects of linagliptin on the retinal vasculature (Fig. 2a) . Systemic treatment with linagliptin resulted in a reduction in preretinal, intravitreal neovascular nuclei by 30% (OIR vs OIR + Lina: 55 ± 21 vs 38 ± 10 nuclei, p = 0.015; Fig. 2b ). To determine whether the anti-angiogenic effects were dependent on GLP-1R signalling, we used Glp1r −/− mice in the OIR model. Untreated Glp1r −/− animals did not show any significant differences in response to the OIR model, as the avascular zone and neovascular nuclei were of similar sizes (C57BL/6J vs Glp1r Increased expression of proangiogenic genes upon linagliptin treatment To assess the impact of DPP-4 inhibition on angiogenesis and inflammation, we performed qPCRs for proangiogenic and proinflammatory genes. In C57BL/6J mice, the OIR model led to an expected two-and fourfold increase in the expression of the proangiogenic Vegf (also known as Vegfa) and Angpt2, respectively (Vegf: 2.1 ± 0.2-fold, p = 0.019; Angpt2: 4.8 ± 2.2-fold; p < 0.001; Fig. 3a, b) . The expression of Hif1a was slightly but not significantly reduced in C57BL/6J OIR mice (0.7 ± 0.1-fold, p = 0.289; Fig. 3f) . Furthermore, the OIR model led to a significant increase in the proinflammatory factors Tnfa (also known as Tnf) (5.0 ± 1.4-fold, p = 0.005; Fig. 3c ) and Il1b (8.7 ± 3.7-fold, p < 0.001; Fig. 3e ), as well as in the neuroprotective but also proangiogenic Epo (13.7 ± 3.5-fold, p < 0.001; Fig.  3d ). Systemic treatment with linagliptin showed no significant effects on the expression of Angpt2, Tnfa, Epo or Il1b (Fig.  3b-e) . However, the expression of Vegf was significantly increased in linagliptin-treated C57BL/6J mice (3.1 ± 1.0-fold of control; p = 0.016 vs OIR; Fig. 3a) . Consistent with the reduction in neovascularisation, Hif1a expression was significantly increased upon treatment with linagliptin (1.4 ± 0.5-fold of control; p = 0.005 vs OIR; Fig. 3f ). −/− mice. Data are expressed as means ± SD for six, eight and 12 C57BL/6J mice, and four, ten and nine Glp1r −/− mice (both Ctrl p17, OIR p17 and OIR p17 + Lina, respectively). Ctrl, control; p17, postnatal day 17. ***p < 0.001 vs OIR subjected to the OIR model (1.7 ± 0.7-vs 3.0 ± 0.4-fold of C57BL/6J control; control vs OIR, p = 0.082; Fig. 4c ). Upon treatment with linagliptin, Glp1r −/− mice showed no significant regulation of Vegf, which was observed in C57BL/6J mice (2.2 ± 0.5-vs 2.1 ± 0.4-fold of C57BL/6J control; OIR vs OIR + Lina, p = 0.812; Fig. 4a ). The expression of Il1b was significantly reduced in linagliptin-treated Glp1r −/− animals (9.8 ± 1.1-vs 6.0 ± 2.3-fold of C57BL/6J control; OIR vs OIR + Lina, p = 0.005; Fig. 4e ). This effect was also observed in C57BL/6J mice, but was not statistically significant (8.7 ± 3.7-vs 5.3 ± 1.7-fold of C57BL/6J control; OIR vs OIR + Lina, p = 0.080; Fig. 3e ).
Induction of
Linagliptin prevented VEGF-induced activation of MAPK The anti-angiogenic effects of linagliptin in the presence of unchanged or even increased levels of Vegf mRNA suggest an interference of linagliptin with the downstream signalling of VEGFR. In order to identify effector mechanisms of linagliptin's anti-angiogenic effects, HUVECs were stimulated with VEGF in the presence or absence of linagliptin (50 nmol/l) and the activities of different receptor tyrosine kinase-dependent pathways were analysed. VEGF stimulation led to an increase in MAPK/ERK activity, which was prevented by linagliptin with a reduction in activity of −67% (2.67 ± 0.30-vs 0.87 ± 0.11-fold of control; VEGF vs VEGF + Lina, p < 0.001; Fig. 5a ). Furthermore, VEGF-induced activation of the MAPK/JNK pathway was mitigated by −13% in linagliptin treated cells (1.48 ± 0.13-vs 1.29 ± 0.18-fold of control; control vs VEGF, p = 0.024; control vs VEGF + Lina, p = 0.203; Fig. 5b ). The activity of the PI3K/Akt pathway was not affected by VEGF stimulation, but treatment with linagliptin led to a decrease compared with control conditions (0.88 ± 0.12-vs 0.66 ± 0.16-fold of control; control vs VEGF + Lina, p = 0.0117; Fig. 5c ). NFκB activity showed an increasing trend upon VEGF stimulation, which was prevented by linagliptin, but the effect remained statistically not significant (1.30 ± 0.36-vs 0.93 ± 0.29-fold of control; VEGF vs VEGF + Lina, p = 0.201; Fig. 5d ).
To confirm the in vitro observations in the retinas of C57BL/6J and Glp1r −/− mice, we performed western blots for the phosphorylation of ERK1/2, which was the most affected pathway in the cell culture experiments. In line with the in vitro results, the phosphorylation of ERK1/2 was Vegf mRNA expression (fold)
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To investigate if the inhibition of ERK1/2 phosphorylation by linagliptin was mediated by an inhibition of VEGFR2 phosphorylation, we performed western blots for the phosphorylation of Tyr1175 of VEGFR2, which mediates activation of the MAPK/ERK signalling pathway. In mice subjected to the OIR model, the amount of p-VEGFR2 was significantly increased in both strains (p-VEGFR2/tubulin ratio, control vs OIR: C57BL/6J, 0.66 ± 0.03 vs 0.71 ± 0.02, p = 0.041; Glp1r −/− , 0.48 ± 0.01 vs 0.57 ± 0.04, p = 0.048; Fig. 6a, b) . The amount of p-VEGFR2 was not affected by linagliptin treatment in either model (OIR vs OIR + Lina: C57BL/6J, 0.71 ± 0.02 vs 0.71 ± 0.03, p = 0.996; Glp1r −/− , 0.57 ± 0.04 vs 0.61 ± 0.06, p = 0.369; Fig. 6a, b) .
Absence of relevant retinal GLP-1R signalling To discriminate between systemic and retinal effects of DPP-4 inhibition and GLP-1R status, we quantified the systemic levels of SDF-1α and the effect on retinal GLP-1R signalling capacity. SDF-1α levels were measured in the plasma of C57BL/6J and Glp1r −/− mice to estimate the impact of SDF-1α on the retinal angiogenic balance. In OIR animals, the levels of total SDF-1α were not affected in either C57BL/6J or Glp1r −/− mice.
Upon treatment with linagliptin, however, the levels of SDF-1α were significantly higher in C57BL/6J mice only (OIR vs OIR + Lina: C57BL/6J, 623.8 ± 315.7 vs 2105.0 ± 895.3 pg/ ml, p = 0.002; Glp1r
, 1038.0 ± 628.2 vs 1871.0 ± 643.7 pg/ ml, p = 0.085; Fig. 7a, b) . As the expression levels of retinal Glp1r were low in C57BL/6J mice, we determined the overall capacity of retinal GLP-1R signalling by quantifying GLP-1R-induced cAMP production in retinal explants. To discriminate between GLP-1R and unspecific cAMP production, Glp1r −/− mice without any retinal Glp1r expression (ESM 
Discussion
In this study, we have demonstrated that the DPP-4 inhibitor linagliptin has anti-angiogenic effects in a mouse model of OIR, which are independent of GLP-1R signalling. The antiangiogenic properties of linagliptin are mediated by inhibition of the VEGF-induced MAPK/ERK pathway in endothelial cells.
VEGF-induced VEGFR2 autophosphorylation and subsequent receptor tyrosine kinase activity have been described to be mandatory for the proangiogenic effects of VEGF [23, 24] . The increase in VEGF expression in the OIR model is induced by increased translational activity of HIF1A in the avascular retinal centre in a hypoxia-dependent manner [25] [26] [27] . VEGFR-induced activation of MAPK signalling pathways is a key feature in VEGF-mediated angiogenesis, which in our study was inhibited by linagliptin in endothelial cells [26] [27] [28] . The activation of MAPK is predominantly mediated by phosphorylation of Tyr1175, which was not changed upon linagliptin treatment in the OIR mice analysed in this study [27] . This indicates that linagliptin either inhibits the interaction of the phosphorylated tyrosine sites with their transducers, phosphoinositide phospholipase C γ (PLCg) and p38/ MAPK, or interferes downstream in the signalling cascades [29] . The decrease in PI3K/Akt activity in HUVECs in the presence of linagliptin and in the absence of a significant activation by VEGF in the current study suggests inhibition of phosphorylation site activities, as PI3K/Akt activation is induced by the interaction of pTyr1175 and SH2 domain containing adaptor protein B (SHB)/SHC adaptor protein 2 (SCK) [29, 30] . Inhibitory effects on these pathways, especially MAPK/ERK activity, has previously been demonstrated in fibroblasts, where linagliptin led to a decrease in p-ERK1/2 upon glucose stimulation [31] .
The inhibition of VEGFR2 downstream signalling by linagliptin is in accordance with the gene expression results. The increased expression of Vegf in linagliptin-treated animals is induced by the slower revascularisation of the hypoxic avascular centre, indicated by the lower number of neovascular nuclei [21, 32] . The absence of significant Vegf regulation in Glp1r −/− mice can be explained by the lower amount of angiogenic activity observed in the Glp1r −/− mice subjected to OIR. Linagliptin was associated with a minor decrease in NFκB signalling in endothelial cells, consistent with an antiinflammatory effect on the vasculature that has already been described [9, 33] . However, despite its anti-inflammatory properties in other retinopathy models, in this study linagliptin showed no effect on major proinflammatory cytokines in the OIR model [10] . Anti-inflammatory effects are associated with proangiogenic responses in the retina, as key proinflammatory pathways can inhibit the activity of VEGF-induced VEGFR signalling, as has been described elsewhere in detail for the semaphorin 3A (SEMA3A)-neuropilin 1 (NRP1) axis [34] [35] [36] .
Minor differences between wild-type and Glp1r −/− animals with regard to vasoregression, neovascularisation and retinal gene expression in the OIR model are indicative of GLP-1R-mediated effects in the process of pathological angiogenesis. However, as we observed only a small magnitude of GLP-1R-dependent signalling in the retina and as the expression of GLP-1R is present only at very low levels, these effects have to be regulated indirectly by systemic GLP-1R-dependent signalling pathways [37] . Regardless of retinal GLP-1R expression, the effects of DPP-4 inhibition on the angiogenic response were similar in C57BL/6J and Glp1r −/− mice, which is consistent with recently published observations [38] .
The increase in active GLP-1 upon linagliptin treatment is consistent with significant inhibition of DPP-4 enzymatic activity, as has previously been demonstrated in a rat model of diabetic retinopathy [10] . DPP-4 has a broad spectrum of substrates, including the proangiogenic SDF-1α and HMGB-1 [8, 12] . Our study showed that the levels of total SDF-1α were unaffected by DPP-4 inhibition in Glp1r −/− mice, but were increased by linagliptin in wild-type mice. Because the assay does not discriminate between active and total SDF-1α, this difference may reflect GLP-1R-dependent mechanisms in SDF-1α synthesis and metabolism. Regardless of SDF-1α, linagliptin overall demonstrated anti-angiogenic effects in the OIR model, limiting the impact of systemic SDF-1α on retinal angiogenesis. As the observed anti-angiogenic effect of linagliptin was mediated by inhibition of ERK1/2 phosphorylation, and both VEGF/VEGFR and SDF-1α/CXCR4 can exert their angiogenic properties via MAPK/ERK signalling, we cannot exclude inhibitory effects of linagliptin on SDF-1α/ CXCR4-mediated ERK1/2 phosphorylation [15] . But as the inhibition of ERK1/2 phosphorylation was stronger in C57BL/6J mice, in which the levels of SDF-1α were significantly higher compared with Glp1r −/− mice (in which the levels of SDF-1α were unchanged), the effects of systemic SDF-1α on retinal MAPK/ERK signalling were probably negligible. These results are in accordance with those of a previous study, in which systemic treatment with linagliptin, associated with vasoprotection, did not lead to a significant increase in SDF-1α or HMGB-1 levels [10] .
In summary, we have demonstrated anti-angiogenic effects of linagliptin treatment in the OIR model independent of GLP-1R signalling. We have shown that this effect is mediated in vitro by inhibition of VEGFR downstream signalling, which might also apply in retinal endothelial cells. Our data point to a possible mechanism involving the interactions of p-Tyr1175 and p-Tyr1214 with their respective transducing factors. However, the exact mechanism by which linagliptin inhibits these interactions remains unknown. Furthermore, the extent to which the anti-oxidant effects of linagliptin play a role in this process was not investigated in this study [39] . The interactions of linagliptin with angiopoietin-2 signalling were not addressed, but the assessment of angiopoietin-2 activity would be of great consequence, as linagliptin acts on vasoregression and angiogenesis and angiopoietin-2 is a key factor in both processes [10, 40] . Combining these findings with those from previous studies, we conclude that linagliptin has beneficial effects on the vasculature in general as well as on all stages of diabetic retinopathy, independent of its beneficial metabolic effects [8, 9] . The strength of these effects must be purposefully analysed in individuals with diabetes to determine the extent of linagliptin's additional benefit in treating diabetes and preventing diabetic complications.
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